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Both canonical and non-canonical Wnt signaling pathway alterations have been
documented in pulmonary disease pathogenesis and progression; therefore, they can
be an attractive target for pharmaceutical management of severe asthma. Wnt/β-catenin
signaling was shown to link early embryonic lung development impairment to later in life
asthmatic airway remodeling. Here we explored the changes in Wnt signaling associated
with asthma initiation and progression in epithelial and fibroblasts using a comprehensive
approach based on in silico analysis and followed by in vitro validation. In summary,
the in silico analysis showed that the bronchial epithelium of severe asthmatic patients
showed a deranged balance between Wnt enhancer and Wnt inhibitors. A Th2-high
phenotype is associated with upregulated Wnt-negative regulators, while inflammatory
and neutrophilic severe asthmatics showed higher canonical Wnt signaling member
enrichment. Most of these genes are regulators of healthy lung development early
in life and, if disturbed, can make people susceptible to developing asthma early
in life and prone to developing a severe phenotype. Most of the Wnt members are
secreted, and their effect can be in an autocrine fashion on the bronchial epithelium,
paracrine on nearby adjacent structural cells like fibroblasts and smooth muscles, or
systemic in blood. Our results showed that canonical Wnt signaling is needed for the
proper response of cells to proliferative stimuli, which puts cells under stress. Cells
in response to this proliferative stress will activate the senescence mechanism, which
is also dependent on Wnt signaling. Inhibition of Wnt signaling using FH535 inhibits
both proliferation and senescence markers in bronchial fibroblasts compared to DMSO-
treated cells. In fibroblasts from asthmatic patients, inhibition of Wnt signaling did not
show that effect as the Wnt signaling is deranged besides other pathways that might be
non-functional.
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INTRODUCTION

The hybrid name “WNT” (for Wingless-related integration
site) stands for a group of genes belonging to the INT1
(WNT1)/wingless family (Pai et al., 2017). In the animal
kingdom, Wnt signaling is one of the most important regulators
of development and stem cell maintenance in adult mammals
(Nusse and Clevers, 2017). Wnt receptors and co-receptors
are abundant in adult lung, which upon interaction with
secreted Wnts can activate signaling pathways that regulate
transcriptional and non-transcriptional responses (Skronska-
Wasek et al., 2018). In the human lung, Wnt signaling pathways
maintain lung homeostasis, and any disturbance of such pathway
can cause debilitating lung diseases (Rapp et al., 2017), like
fibrosis (Burgy and Konigshoff, 2018), and asthmatic airway
remodeling (Hussain et al., 2017).

Both canonical and non-canonical Wnt signaling pathway
alterations have been documented in pulmonary disease
pathogenesis and progression; therefore, they can be an attractive
target for pharmaceutical management of severe asthma
(Baarsma and Konigshoff, 2017). Wnt signaling disturbance can
induce antagonistic pleiotropy or developmental drift and lung
aging through senescence or stem cell exhaustion (Lehmann
et al., 2016). Wnt/β-catenin signaling was shown to link
early embryonic lung development impairment to later in life
asthmatic airway remodeling (Hussain et al., 2017).

Progenitor cells that give rise to lung epithelium use
CTNNB1 to promote lung progenitor gene signature and employ
Fgf (fibroblast growth factor)/Kras (Kirsten rat sarcoma viral
oncogene homolog)-mediated promotion of the progenitors
(Ostrin et al., 2018). It is logical then to expect that the
effect on Wnt signaling early in life can lead to lung diseases
like asthma and COPD (Carlier et al., 2019). The effects of
maternal smoking during pregnancy on Wnt pathway gene
expression and SNPs in Wnt signaling members were linked
to the development of mild to moderate persistent asthma in
children (Koopmans and Gosens, 2018).

Here we explored the changes in Wnt signaling associated with
asthma initiation and progression in epithelial and fibroblasts
using a comprehensive approach based on in silico analysis
followed by in vitro validation.

MATERIALS AND METHODS

Identifying Core Differentially Expressed
Genes in Asthmatic Structural Cells
To decrease the effect of technical confounding factors on
the gene expression, in-house preprocessing QC, normalization,
and filtering of raw CEL files extracted from well-characterized
publicly available bronchial epithelium transcriptomic datasets
were performed as previously described (Hachim et al.,
2019, 2020a,b). In brief, the publicly available transcriptomic
dataset from GEO was filtered to search for a dataset that
includes asthmatic patients with defined clinical classifications
of participants compared to healthy controls with different
airways sampling from the same subject (central versus

peripheral). The dataset GSE64913 was chosen as it fulfills the
criteria. Differences between central and peripheral airways were
evaluated using transcriptomic analysis (Affymetrix HG U133
plus 2.0 GeneChips) of epithelial brushings obtained from severe
asthma patients (N = 17) and healthy volunteers (N = 23) as
previously described (Singhania et al., 2017).

Filtering
A combination of noise and variance filtering was applied to filter
out non-variant genes between severe asthmatics and healthy
controls. Only probes with a value of 50 or higher in the MAS5-
normalized gene expression in all 59 samples were selected.
The probes that passed the first filter then are subjected to the
coefficient of variation (CV) filter using their gcRMA-normalized
expression. CV was calculated as the mean/standard deviation
of each gene across all samples. Probes with a CV value of at
least 10% across the two groups examined were considered to
be variant and thus selected. Since many genes are different
between males and females and should be identified, only genes
that do not show a significant variance between males and female
samples were passed.

Gene-Set Enrichment Analysis
After processing, normalization, and filtering of the CEL files for
each dataset, the normalized probe expressions were uploaded
to GSEA software using the AbsGSEA option first. Over 100,000
gene sets were downloaded from Molecular Signatures Database
v7.1 of the GSEA tool1 and gene-set libraries downloaded
from the Enrichr site2. Gene sets where the identified genes
showed significant enrichment with nominal p-value < 0.05
were selected for further analysis with classical GSEA. A signal-
to-noise metric was used to generate a rank-ordered gene list
based on the enrichment score of each gene in the dataset. The
enriched genes were filtered based on a cutoff score ≥ 0.25 as
upregulated genes in asthma; those ≤ 0.25 as downregulated
genes in asthma. For each gene-set collection or library, the
genes that were upregulated or downregulated in asthmatic
patients compared to healthy controls in each of the significant
pathways were identified and grouped. Subsequently, DEG in
each dataset was intersected with the DEG from the other
sets, and shared genes were identified. Consequently, genes
that were enriched in more than the median value of the
number of enriched pathways for each gene were selected
to be the DEGs in severe asthmatic bronchial epithelium
compared to healthy control. The flowchart of filtering is shown
in Figure 1.

Primary Healthy and Asthmatic Bronchial
Fibroblasts
Healthy fibroblasts and fibroblasts from asthmatic patients were
grown in triplicates till they reached confluency. The description
of primary cells and their preparation were previously described
(Hachim et al., 2020b). In brief, primary cells from healthy
and asthmatic patients were isolated from bronchial biopsies

1https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
2https://amp.pharm.mssm.edu/Enrichr/#stats
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FIGURE 1 | Flowchart for identification of DEGs in severe asthmatic versus healthy controls based on the number of pathways that they are enriched in by the
AbsGSEA and GSEA tool.

in Meakins-Christie Laboratories, The Centre for Respiratory
Research at McGill University, and the Research Institute of
McGill University Health Centre as previously described (35).
In total, healthy primary fibroblasts (n = 3), and fibroblasts
from asthmatic patients (n = 3). Primary fibroblasts were
maintained in complete Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, Germany) with 10% fetal bovine
serum (FBS) (Sigma-Aldrich, Germany) supplemented with 100
units/mL penicillin/streptomycin (Gibco, United States). The
original study was approved by the MUHC Research Ethics Board
(2003–1879), and the subjects had provided written informed
consent as previously described (Ramakrishnan et al., 2020).

WNT Signaling Pathway Profiling
RNA was extracted, and cDNA synthesis was performed as
previously described (Hachim et al., 2020b). In brief, RNA was
extracted using RNeasy mini kit (Qiagen, Germany) as per
the manufacturer’s instructions. The purified RNA was reverse
transcribed into cDNA using High-Capacity cDNA Reverse
Transcription (Applied Biosystems, United States) as per the
manufacturer’s instructions. The RT2 ProfilerTM PCR Array
Human WNT Signaling Pathway plate was used to profile
the 84 Wnt signaling-related genes (Qiagen, United States)
as previously described (Geng et al., 2016) and as per the
manufacturer’s instructions.
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Calcium Mobilization
Calcium mobilization in healthy fibroblasts and fibroblasts
from asthmatic patients’ cells was done as previously described
(Elemam et al., 2019). In brief, cells were washed two times
then incubated in Ca2+ buffer containing 5 mM KCl, 145 mM
NaCl, 1 mM MgCl2, 10 mM glucose, 10 mM Na/MOPS, 1 mM
CaCl2, 10 mM HEPES, 0.25% BSA with a pH equal to 7.4, and
5 µM fura-2-AM (Sigma-Aldrich, St. Louis, MO, United States)
for 45 min at 37◦C. Consequently, the cells were washed and
resuspended at a concentration of 3 × 105 cells/mL to be
incubated with the 24 h healthy fibroblasts and fibroblasts
from asthmatic patients or epithelium-collected supernatants.
Fluorescence is measured using the fluorescence spectrometer
system (LS55, Perkin-Elmer, Waltham, MA, United States),
where excitation was measured at 340 and 380 nm, and
the emission was determined at 510 nm. In these assays,
the intensity was assessed using a photomultiplier tube
system, and the fluorescence ratio of bound/free fura-2 was
then calculated.

Immunofluorescence of β-Catenin
Five thousand healthy fibroblasts were seeded in a black 96-
well plate along with the different treatments. After 24 h, cells
were fixed using 4% paraformaldehyde, permeabilized using
saponin, and then stained with rabbit anti-human CTNNB1
antibody (Abcam, United Kingdom) overnight at 4◦C. On the

next day, cells were incubated with Alexa-Fluor 488-anti rabbit
secondary antibody (Thermo Fisher Scientific, United States) and
visualized using IX53 inverted immunofluorescent microscope
(Olympus, Japan).

Wnt Signaling Activation or Inhibition
Cells were seeded until they reached 80–90% confluency. Then,
cells were washed with PBS and serum-starved for 1–2 h.
Subsequently, cells were treated with 100 ng/ml Wnt agonist
(CAS 853220-52-7, Santa Cruz, United States), a WNT agonist
that mimics the effects of WNT ligand or 1 µM Wnt antagonist
“FH535” (CAS 108409-83-2, Santa Cruz, United States), a
β-catenin/Tcf inhibitor.

Western Blot Analysis
Fibroblast cells (healthy or asthmatic) were collected and washed
with PBS, after which the proteins were extracted using the
laemmli or RIPA lysis buffer (Sigma-Aldrich, Germany). All
protein extracts were quantified using Bradford Protein Assay
Kit, according to the manufacturer’s instructions (Bio-Rad,
United States). 10 µg (for fibroblasts) of protein was separated
on SDS-PAGE and transferred to a nitrocellulose membrane.
Expressions of β-catenin and β-actin were assessed using
rabbit anti-human CTNNB1 (Cell Signaling, United States)
and mouse anti-human β-actin (A5441, Sigma, Germany),
respectively. Anti-rabbit and anti-mouse IgG HRP-linked

FIGURE 2 | Heat map and cosine hierarchical clustering using the expression of the 35-gene signature of samples in the GSE64913 dataset comparing healthy
controls (H) to severe asthmatics (SAepithelial brushings obtained from severe asthma patients (N = 17) and healthy volunteers (N = 23). The 35 genes that show a
statistically significant differential expression in severe asthmatics compared to healthy are shown on the right panel, while pathways where those genes are enriched
significantly are shown on the left panel of the plot. Samples were clustered using Cosine hierarchical clustering. The graph was generated using AltAnalyze software.
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antibodies (Cell Signaling, United States) were used along
with Clarity Western ECL Substrate (Bio-Rad, United States)
for chemiluminescent detection of protein bands. Western
blot analysis of cell fractions from asthmatic bronchial
fibroblast using Cell Fractionation Antibody Sampler Kit
#11843 showing cytoplasmic (C.F), organellular/membrane
(M.F), and nuclear/cytoskeletal localization (N.F.). Whole-cell
lysates (WCL) represent total protein. The fractionation was
done under two conditions, the cultivation with high glucose
medium and low glucose medium.

RESULTS

Thirty-Five Core Genes in Severe
Asthmatic Bronchial Epithelium
Two hundred and thirty-four genes were identified to be
differentially expressed between severe asthmatic and healthy
bronchial epithelia. Those 234 identified genes were further
filtered to shorten the list into those that participate in more than
97 gene sets (above the median number of enrichments by the
identified genes), indicating their essential role in development,

progression, and response to therapy in asthmatic bronchial
epithelium. Thirty-five genes fulfilled these criteria, as shown in
Figure 2. Interestingly, the 35 genes showed specific enrichment
in apoptotic signaling, TP53 downstream, and response to
wounding, as shown in Figure 2. All the 35 genes identified
earlier to be the top DEG in the bronchial epithelium were
DEG between asthmatic and healthy bronchial fibroblasts as well.
This highlights that those 35 genes represent DEGs in asthmatic
airways irrespective of cell type.

Bronchial Epithelium Transcriptomic
Signature Showed Strong Interaction at
the Protein–Protein Level, and Most of
Them Are Downstream of CTNNB1
To assess the protein–protein interaction between the products
of the identified genes, the Protein–Protein Association Networks
tool, STRING3, was used. All genes showed a strong interaction
at the protein level, and most of them were downstream of
CTNNB1, as shown in Figure 3.

3https://string-db.org/

FIGURE 3 | Protein–Protein Interaction Between the Products of the Identified 35 Genes Using STRING v11: Protein–Protein Association Networks Tool.
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FIGURE 4 | Normalized gene expression of Wnt signaling pathway genes identified to be differentially expressed in severe asthmatic compared to healthy controls
using bronchial epithelium transcriptomics data of the GSE64913 dataset.
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FIGURE 5 | Normalized gene expression of Wnt signaling pathways identified to be differentially expressed between Th2-high and healthy asthmatic bronchial
epithelium transcriptomics data of the GSE67472 dataset to compare healthy controls (n = 43) to Th2-high asthmatics (n = 40) and Th2-low asthmatics (n = 22).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 March 2021 | Volume 9 | Article 641404

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641404 March 12, 2021 Time: 13:38 # 8

Hachim et al. Wnt Signaling in Asthma

Wnt Signaling Pathway Genes Are
Downregulated in Severe Asthmatic
Bronchial Epithelium
Twelve genes out of the 35 were downregulated in severe asthma
(CTNNB1, HMGA2, CDH2, BCL2, ITPR1, KIF5C, CLASP2,
PRKCA, CREBBP, BCL11A, PEG10, and WNT5A). Interestingly,
5 out of those 12 genes are members of Wnt signaling (CTNNB1,
CREBBP, ITPR1, PRKCA, and WNT5A).

Looking at other Wnt signaling pathways, DEGs in severe
asthmatics’ bronchial epithelium compared to healthy controls
showed that three more genes (WIF1, VANGL2, and FOSL1)
showed a statistically significant difference between the two
groups. All identified Wnt genes were downregulated in severe
asthmatic bronchial epithelia except FOSL1, as shown in
Figure 4. Those genes were related to the non-canonical arm of
Wnt signaling, which is considered to be a negative regulator

of the canonical one. FOSL1 is known as a β-catenin/Wnt
signaling target gene, transcribed when Wnt signaling is
activated.

Wnt Signaling Pathway Genes Are
Differentially Expressed in Bronchial
Epithelium of Th2-High Asthmatic
Compared to Healthy Controls
We investigated whether Wnt signaling members are
differentially expressed in the bronchial epithelium of Th2
high, Th2 low versus healthy controls. CTNNBIP1, AXIN1,
and TLE1 were upregulated in Th2-high bronchial epithelium
compared to healthy controls, while WIF1 and CCND1 were
significantly downregulated in Th2-high bronchial epithelium
compared to healthy controls, as shown in Figure 5.

FIGURE 6 | Wnt signaling gene expression profiling in healthy versus asthmatic bronchial fibroblasts. Fibroblasts from healthy controls and asthmatic patients were
seeded in triplicate, and when reaching 80–90% confluency, RNA was extracted, and Wnt genes were profiled using RT2 ProfilerTM PCR Array Human WNT
Signaling Pathway. (A) Box plot of relative expression of each gene member of the pathway. (B) Heat map showing the top DEGs between the two groups. (C) The
relative quantity of the DEGs between healthy fibroblasts and asthmatic ones.
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Wnt Signaling Is Aberrant in Fibroblasts
From Asthmatic Patients
Aberrant Wnt signaling contributed to diverse human
conditions. At the same time, its dynamics in asthma
development need more attention, so we decided to dissect
this pathway with a focus on its role in fibrosis and fibroblast
biology. We profiled the Wnt pathway gene expression in
fibroblasts taken from the lungs of healthy and non-severe
asthmatic patients using RT2 Profiler PCR Arrays that profile 84
related genes simultaneously, as shown in Figure 6.

Interestingly, members of canonical Wnt signaling (Wnt1,
FOSL1, Wnt2B, LRP5, Wnt2, Wnt16, and CCND2) were
significantly upregulated in fibroblasts from asthmatic patients.
On the other hand, members of the non-canonical and negative
regulators of the canonical pathways were downregulated in
fibroblasts from asthmatic patients like WIF1. Comprehensive

mapping for the Wnt signaling members’ expression in asthmatic
versus healthy fibroblasts is shown in Figure 6. Wnt signaling
gene expression profiling in healthy versus asthmatic bronchial
fibroblasts is shown in Figure 7.

Ca2+ Mobilization Is Deranged in
Fibroblasts From Asthmatic Patients
Our initial analysis showed that members of the non-
canonical and negative regulators of the canonical pathways
were downregulated in fibroblasts from asthmatic patients.
One of the essential non-canonical Wnt pathways is the
Wnt/Ca2+ signaling pathway, which is a crucial mediator in
development and involved in NFκB mediated inflammatory
response (De, 2011). The calcium mobilization in healthy
and fibroblasts from asthmatic patients was assessed using
Fura-2-AM assay in response to supernatants of healthy or
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asthmatic bronchial fibroblasts and epithelium, as shown in
Figure 8. Only asthmatic bronchial fibroblast supernatants
induced Ca2+ mobilization in healthy fibroblasts with no effect

on fibroblasts from asthmatic patients. On the contrary, a healthy
bronchial epithelium medium induced Ca2+ mobilization in
healthy fibroblasts but not in fibroblasts from asthmatic patients.

FIGURE 8 | Calcium mobilization in healthy and asthmatic bronchial fibroblasts in response to healthy and asthmatic fibroblast and epithelial supernatants. A
Fura-2-AM-labeled healthy and asthmatic bronchial fibroblast cells were stimulated with 24-h undiluted supernatants collected from healthy (H) and asthmatic (A)
bronchial fibroblasts (F) and epithelial cells (E), HF, AF, HE, and AE. The results were compared to media only (DMEM for fibroblasts and BEGM for epithelium).
Calcium mobilization was determined by measuring the ratio of F340/380. (A) HF treated with HF, AF, and Media (B) HF treated with HE, AE, and Media (C) AF
treated with HF, AF, and Media (D) AF treated with HE, AE, and Media.
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This might indicate a deranged Wnt/Ca2+ signaling pathway in
asthmatic bronchial fibroblasts.

Fibroblasts From Asthmatic Patients
Express Less CTNNB1 Than Healthy
Fibroblasts
Wnt cell signaling uses CTNNB1 protein as an essential part
of relaying the signal to target genes inside the nucleus.
The next step was to assess the CTNNB1 as a protein and
explore its dynamics in fibroblasts from asthmatic patients.
Immunoblot showed that fibroblasts from asthmatic patients
express less CTNNB1 compared to healthy fibroblasts, as shown
in Figures 9A,B. Interestingly, we noticed that later passage of
healthy fibroblasts decreases CTNNB1. In contrast, later passages
in diseased (asthmatics and COPD) fibroblasts increased its
expression, as shown in Figure 9C.

CTNNB1 Is Shuttled to the Nucleus in
Fibroblasts From Asthmatic Patients
Since CTNNB1 activity is based on shuttling between cell
membrane, cytoplasm, and nucleus, we examined its intracellular
localization using immunofluorescent and subcellular
fractionation using immunoblot. Immunofluorescence detection
showed that the nuclear fraction of CTNNB1 is more in
fibroblasts from asthmatic patients compared to healthy controls,
and the fractions are increased in later passages, as shown
in Figure 10. Immunoblotting for subcellular localization of
CTNNB1 in fibroblasts from asthmatic patitents showed a
doubling of the nuclear and membrane fractions relative to the
membrane abundance (Figure 10).

Low Glucose Increases CTNNB1
Shuttling to the Nucleus
The note of increasing CTNNB1 with increased passage
necessitates further explanation to understand the mechanisms
of CTNNB1 synthesis in fibroblasts. We compared high-
glucose with low-glucose culture media to examine the effect of
glucose concentration in media on CTNNB1 protein shuttling.
Interestingly, a low-glucose medium increased the shuttling of
CTNNB1 to the nucleus and membrane compartment, indicating
its role in fibroblasts’ response to the change in its environment,
as shown in Figure 11. The increase was more evident in
healthy fibroblasts than asthmatic cells indicating deranged Wnt
response to the same stimuli.

Inhibiting the CTNNB1 Pathway
Decreases Senescence in Bronchial
Fibroblasts
Glucose restriction was shown to extend fibroblasts’ lifespan
while high glucose induced their premature senescence
at any passages (Jin and Zhang, 2013). So we examined
stimulation of the Wnt pathway with the WNT agonist
or its inhibition with an FH535-specific inhibitor on
fibroblast senescence using the beta-galactosidase staining

FIGURE 9 | CTNNB1 protein level in bronchial fibroblasts as measured by
immunoblot (A,B) in primary fibroblasts from healthy, and asthmatic patients.
(C) CTNNB1 protein expression in different passages of each group.

kit. BML-284 (2-amino-4-[3,4-(methylenedioxy)benzylamino]-
6-(3-methoxyphenyl)pyrimidine), a potent and selective
activator of Wnt signaling, and FH535, a small molecule
inhibitor of β-catenin/TCF/LEF, were used for this purpose.
As shown in Figure 12, FH535 significantly decreased the
intensity and number of senescent cells compared to the Wnt
agonist and DMSO, indicating the role of Wnt-CTNNB1 in
regulating senescence.

Wnt Signaling Inhibition Decreased
Healthy Fibroblast Viability/Proliferation
With No Effect on Fibroblasts From
Asthmatic Patients
To evaluate the effect of Wnt signaling activation or inhibition
on the fibroblast’s viability/proliferation, we treated healthy
fibroblasts and fibroblasts from asthmatic patients with Wnt

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 March 2021 | Volume 9 | Article 641404

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641404 March 12, 2021 Time: 13:38 # 12

Hachim et al. Wnt Signaling in Asthma

FIGURE 10 | CTNNB1 subcellular localization and fractionation in primary bronchial fibroblasts from healthy and asthmatic patients. Immunofluorescent cellular
localization of CTNNB1 as corrected total cell fluorescent (CTCF) of 10 random spots in the cytoplasm compared to 10 different fields in the nucleus.

agonists and inhibitors then measured their proliferation using
CellTiter 96 R© AQueous One Solution Cell Proliferation Assay. As
shown in Figure 13, FH535 inhibited the growth of fibroblasts
from healthy individuals with no effect on fibroblasts from
asthmatic patients indicating a deranged signaling pathway in
fibroblasts from asthmatic patients.

DISCUSSION

Our in silico analysis showed that the members of Wnt signaling
are part of the core genes differentially expressed in severe
asthmatic tissues compared to healthy controls. Extensive in vitro
experiments confirmed and explained the critical role of the Wnt
signaling pathway in asthma development.

Twelve genes out of the total 35 were downregulated in
severe asthma, and 5 out of those 12 genes are members
of Wnt signaling (CTNNB1, CREBBP, ITPR1, PRKCA, and
WNT5A). Also, three more genes (WIF1, VANGL2, and

FOSL1) showed statistically significant downregulation in severe
asthmatic bronchial epithelium except for FOSL1. CREBBP is a
known histone acetyltransferase that regulates gene expression
and interacts with β-catenin to maintain cell proliferation
rather than differentiation (Stefanowicz et al., 2017). It was
reported that asthmatic bronchial epithelium showed a decreased
gene expression of CREBBP, leading to incomplete and
immature epithelium (Stefanowicz et al., 2017) while in blood
monocytes, it showed increased activity during neutrophilic
airway inflammation (Gunawardhana et al., 2014).

ITPR1 encodes an intracellular receptor for inositol
1,4,5-trisphosphate that mediates calcium release from the
endoplasmic reticulum and plays a significant role in airway
smooth muscles. Decreasing the activity of ITPR1 can make
lung smooth muscle cells less reactive to contractile agonists
to control asthma (Montano et al., 2018). Another member of
Wnt signaling involved in calcium-related cellular activity is a
member of the protein kinase C (PKC), PRKCA. PRKCA is a
protein kinase that can be activated by calcium and the second

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 March 2021 | Volume 9 | Article 641404

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-641404 March 12, 2021 Time: 13:38 # 13

Hachim et al. Wnt Signaling in Asthma

FIGURE 11 | Western blot analysis of cell fractions from healthy bronchial fibroblast (Cell Fractionation Antibody Sampler Kit #11843) showing cytoplasmic,
organellular/membrane, and nuclear/cytoskeletal localization. Whole-cell lysates represent total protein. The fractionation was done under two conditions, the
cultivation with high-glucose medium and a low-glucose medium.

messenger diacylglycerol. PRKCA is associated with both BMI
and asthma simultaneously (Murphy et al., 2009), along with
other genes with pleiotropic effects like leptin (LEP), and tumor
necrosis factor (TNF)(Melen et al., 2010).

Wnt5a, a prototype of a non-canonical Wnt signaling
axis with known cross talk with TGFβ1 during repair and
remodeling, was elevated in the airway epithelium of Th17
asthma patients and steroid-resistant asthma (Daud et al.,
2016; Dietz et al., 2017). In asthmatic airway smooth muscles
cells, autocrine Wnt5a signaling regulates TGFβ1-induced ECM
production (Kumawat et al., 2011). The WIF1 gene encodes a
protein that binds to Wnt proteins and inhibits their activities.
WIF1 expression can discriminate alveolar type 2 (AT2) cells
into two groups: a high-WIF1 subgroup which is quiescent
and the other low-WIF1 subgroup which selectively expresses
detoxification genes and act as alveolar stem cells (Travaglini
et al., 2020). Interestingly, WIF1 is linked to intrauterine
airway development and lung function impairment which
make neonates prone to asthma in the future (Sharma et al.,
2010). Asthmatic patients with Wnt regulator (WIF1, WNT5B,
and DKK3) enrichment were atopic, had early-onset, long
duration, and had severe asthma with the inflammatory profile
(Koopmans and Gosens, 2018).

VANGL Planar Cell Polarity Protein 2 (VANGL2) is involved
in the control of early morphogenesis and planar cell polarity
and is required for fetal lung development, precisely in normal
lung branching morphogenesis (Yates et al., 2010). VANGL2
is significantly downregulated in lung tissue from patients

with emphysema (Poobalasingam et al., 2017). In bronchial
epithelium, IL4 and IL13 activation was shown to downregulate
VANGL2 expression (Ladjemi et al., 2018). FOSL1 is known as
a β-catenin/Wnt signaling target gene, transcribed when Wnt
signaling is activated. As part of the FOSL1/AP-1 transcription
factor, it regulates gene expression in human lung epithelia
(Elangovan et al., 2018). mRNA expression of FOSL1 was shown
to be decreased in PBMCs of aspirin-intolerant asthma (Kacprzak
et al., 2014; Wieczfinska et al., 2015).

In human asthmatic airways, multiple Wnt ligand genes
showed differential expression in signature between Th2-high
and Th2-low asthmatics (Baarsma and Konigshoff, 2017).
Our results showed that CTNNBIP1, AXIN1, and TLE1 were
upregulated in Th2-high bronchial epithelium compared to
healthy controls while WIF1 and CCND1 were significantly
downregulated in Th2-high bronchial epithelium compared to
healthy controls.

CTNNBIP1 encodes a protein that binds CTNNB1 to prevent
CTNNB1 and TCF and control the downstream signaling and is
a selectively enriched cluster of alveolar epithelium cells (AT2-s
alveolar stem cells) (Travaglini et al., 2020). It is one of the genes
upregulated by IL13 in eosinophilic conditions (Zuo et al., 2010).

AXIN1, when binding CTNNB1, acts as a negative regulator
of the Wnt signaling pathway. Since β-catenin can block
the overproduction of inflammatory cytokines in LPS-
induced inflammatory responses, disturbance of the AXIN1
augments LPS effect (Lee et al., 2012). LPS-challenged human
bronchial epithelial cells showed a decreased level of Axin
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FIGURE 12 | Assessment of senescence using β-galactosidase. Healthy fibroblasts treated with DMSO, Wnt agonist, and inhibitor (FH535) then senescence signal
were measured using beta-galactosidase staining kit.

FIGURE 13 | Fibroblast cell proliferation under the effect of Wnt signaling activation or inhibition. Cells were seeded in triplicate at a density of 10,000 cells/well in
opaque 96-well plates for 24 h. The CellTiter 96 R© Aqueous One solution cell proliferation assay was used to measure the viability of healthy and fibroblasts from
asthmatic patients after 24 h of treatment with selective Wnt agonist and FH535, a small-molecule inhibitor of β-catenin/TCF/LEF. The 24-h values were normalized
to their corresponding starting value (0-h incubation).
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FIGURE 14 | Schematic summary of CTNNB1 intracellular localization in
healthy and asthmatic bronchial fibroblasts under high- versus low-glucose
culture conditions as measured by immunofluorescence and immunoblot.
Created with Biorender.com.

(Jang et al., 2017). It was one of the Wnt signaling pathway
genes that were attenuated by neutrophil elastase and cigarette
smoke (Baarsma and Konigshoff, 2017). TLE1 (TLE Family
Member 1, Transcriptional Corepressor) encodes a protein
that suppresses major transcription factors like NF-kappa-
B-and Wnt signaling. TLE1 was linked to dysregulation
of epithelial–mesenchymal signaling in l asthmatic human
bronchial epithelial cells (Loffredo et al., 2017). TLE1 was
found to be in the susceptibility locus for childhood asthma
as it interacts with RUNX3 to inhibit dendritic cell maturation
(Modena et al., 2017).

In summary, the in silico analysis showed that the bronchial
epithelium of severe asthmatic patients possess a deranged
balance between Wnt enhancer and Wnt inhibitors. The Th2-
high phenotype is associated with upregulated Wnt-negative
regulators, while inflammatory and neutrophilic severe
asthmatics showed higher canonical Wnt signaling member
enrichment. Most of these genes are the regulator of healthy
lung development early in life and, if disturbed, can make people
susceptible to develop asthma early in life and prone to develop
severe phenotype. Most of Wnt members are secreted, and their
effect can be in an autocrine fashion on the bronchial epithelium,
paracrine on nearby adjacent structural cells like fibroblasts and
smooth muscles, or systemic in blood.

Wnt signaling is essential in T cell development, maturation,
and hematopoiesis regulation (van Loosdregt and Coffer,
2018). T cell factor (the major transcription factor in Wnt
signaling) directly blocks Th17 cell differentiation while
Wnt-negative regulators (WIF1) enhance such differentiation
(van Loosdregt and Coffer, 2018). Wnt6 was shown to be
positively correlated with Th2-high asthmatic phenotype (Choy
et al., 2011). In the infected lung, Wnt6 is produced mainly

by foamy macrophage-like cells (Schaale et al., 2013). Alveolar
macrophages increase the production of Wnt6 during induced
lung damage (Pandit et al., 2019). On the other hand, Wnt
coreceptors, Lrp5 and Lrp6, were found to be highly expressed
in PBMC after lung injury (Scheraga and Thannickal, 2014).
This might indicate the disturbance of CTNNB1 regulators
rather than its expression. This so-called goldilocks phenomenon
proposes that only the optimal amount of TCF activity can
result in the desired outcome (van Loosdregt and Coffer, 2018).
β-Catenin blocks inflammatory mediators to induce dendritic
cells (DC) with tolerance phenotypes (Orme et al., 2016).
Also, activation of canonical and non-canonical Wnt signaling
can induce immune tolerance by promoting T regulatory
responses (Staal and Arens, 2016). TCF/β-catenin and Foxp3
share common transcriptional targets; Wnt signaling negatively
modulates Foxp3 transcriptional activity (van Loosdregt et al.,
2013). Increasing Wnt signaling can inhibit such Treg cell-
mediated suppression (van Loosdregt and Coffer, 2018). We can
speculate that deranged Wnt in PBMCs of severe asthmatics
might lead to higher but inactive T regulatory cells.

Wnt Signaling Is Aberrant in Fibroblasts
From Asthmatic Patients
In asthmatic airways exposed to frequent injury and repair,
fibrosis eventually will develop by the critical player
“myofibroblasts,” which activate three integrated pathways:
TGFβ, Wnt, and YAP/TAZ signaling (Piersma et al., 2015). We
decided to decipher the role of Wnt signaling on bronchial
fibroblast biology. Our Wnt signaling transcriptomics profiling
of fibroblasts from asthmatic patients compared to healthy
ones confirmed our in silico analysis, as members of canonical
Wnt signaling (Wnt1, FOSL1, Wnt2B, LRP5, Wnt2, Wnt16,
and CCND2) were significantly upregulated in fibroblasts
from asthmatic patients. On the other hand, members of
non-canonical and the negative regulators of the canonical
pathways were downregulated in fibroblasts from asthmatic
patients like WIF1.

Non-severe fibroblasts from asthmatic patients express less
CTNNB1 compared to healthy fibroblasts in early passages, but in
later passages, fibroblasts from asthmatic patients start to produce
more CTNNB1. Fibroblasts with decreased Wnt activation can
undergo regeneration, whereas β-catenin activation can reduce
regeneration in wounds (Rognoni et al., 2016); nevertheless,
β-catenin loss in fibroblasts can reduce fibrosis (Xiang et al.,
2017). A nuclear fraction of CTNNB1 is more abundant
in fibroblasts from asthmatic patients compared to healthy
controls, and that fraction is increased in later passages. Low-
glucose medium increased the shuttling of CTNNB1 to the
nucleus and membrane compartment. These data confirm the
previous reports that β-catenin is a critical player of fibroblast
activation and tissue fibrosis (Beyer et al., 2012) by controlling
their expression of ECM components and myofibroblast
differentiation (Baarsma and Konigshoff, 2017). A schematic
summary of CTNNB1 intracellular localization in healthy and
asthmatic bronchial fibroblasts under high- versus low-glucose
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FIGURE 15 | Schematic representation of the effect of healthy and asthmatic bronchial epithelium and fibroblasts supernatant on Ca2+ mobilization in healthy
fibroblasts and fibroblasts from asthmatic patients. Created with Biorender.com.
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FIGURE 16 | Schematic representation of the possible role of canonical | Wnt
signaling on bronchial fibroblast senescence. Canonical Wnt signaling is
needed for the proper response of cells to proliferative stimuli, which puts cells
under stress. Cells in response to proliferative stress will activate senescence,
which is dependent on Wnt signaling too. Created with Biorender.com.

culture conditions as measured by immunofluorescence and
immunoblot is illustrated in Figure 14.

At the wound edge, cytosolic calcium oscillations are induced
in the fibroblasts (Lembong et al., 2017). In human pulmonary
fibroblasts, TGF-β stimulates this Ca2+ wave activity, which in
turn amplifies extracellular matrix gene expression (Mukherjee
et al., 2012). On the other hand, cadherin–cadherin interaction
induces Ca2+ transients during cell–cell adhesion (Ko et al.,
2001). Uncontrolled Ca2+ oscillations in fibroblasts can lead to
pulmonary fibrosis and impairment of lung function (Mukherjee
et al., 2015). A schematic representation of the effect of healthy
and asthmatic bronchial epithelium and fibroblast supernatant
on Ca2+mobilization in healthy fibroblasts and fibroblasts from
asthmatic patients is illustrated in Figure 15.

Inhibiting Wnt signaling with FH535 inhibited the growth
of healthy fibroblasts with no effect on fibroblasts from
asthmatic patients, indicating the deranged signaling pathways
in fibroblasts from asthmatic patients. FH535 anti-proliferative
effect is mediated by inhibiting the recruitment of β-catenin
coactivators (Handeli and Simon, 2008). The known β-catenin
coactivators BCL9L/TCF4 might be overproduced in fibroblasts
from asthmatic patients that FH535 needs a higher concentration
to block them or they have defective PPARD gene needed for the
proper action of FH535. Our profiling showed that BCL9 and
TCF4 are upregulated in fibroblasts from asthmatic patients, but
the difference was statistically not significant. On the other hand,
inhibiting Wnt signaling with FH535 significantly decreased the
intensity and number of senescent cells compared to Wnt agonist
and DMSO, indicating the role of Wnt-CTNNB1 in regulating
senescence. This matches the reports that the downregulation of
Wnt signaling occurs early during the onset of cell senescence
(Ye et al., 2007). Schematic representation of the possible role of

Canonical Wnt Signalling on bronchial fibroblasts senescence is
shown in Figure 16.

CONCLUSION

Our results showed that canonical Wnt signaling is needed for
the proper response of cells to proliferative stimuli, which put
cells under stress. Cells in response to this proliferative stress will
activate senescence mechanisms, which depend on Wnt signaling
too. Inhibition of Wnt signaling using FH535 inhibits both
proliferation and senescence markers in bronchial fibroblasts
compared to DMSO-treated cells. In fibroblasts from asthmatic
patients, inhibition of Wnt signaling did not show that effect as
Wnt signaling is deranged besides other pathways that might be
non-functional. Further understanding of the factors that made
fibroblasts from asthmatic patients respond differently will need
further exploration to elucudate the interactions between Wnt
pathways and other genes that we found to be differentially
expressed in asthma.
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